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A Theoretical Study on the Formation of Carbide and

Chromium-Depleted-Layer in Austenitic Stainless Steel
Hiroshi Arat

Synopsis:

It is well known that the occurrence of intergranular corrosion in austenitic stainless steel is caused
by the chromium depletion at the grain boundary, where the chromium carbide formed. However,
no clear physical interpretations for the formation of carbide and chromium depleted layer have been
given yet.

The purpose of this paper is to summarize mathematically what is the rate determing process for
the formation of carbide.

It_is concluded that: 1) the diffusion of carbon to the grain boundary is too rapid to be the rate
determing process; 2) as the chromium diffusion is relatively slow below 500°C, the supply of
chromium to the grain boundary determines the rate of precipitation; and 3) above 550°C, the forma-
tion of carbide itself is the rate determing process.

From the above conclusions, the Time-Temperature-Sensitization (TTS) diagram can be calculat-

ed under certain assumptions.

The theoretical TTS diagram agrees well with the experimental results.

(Received July 9, 1969)
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Table 2. Diffusion coefficients of Cr, Ni and Fe in some austenitic phases.

. D, a D (at 650°C) | D (at 1100°C)
Matrix Element (cm?/ sec) (keal/ mol) (em?/ sec) (em?/ sec)

18Cr-8Ni © Cr IR £2.8 5'3x10-15

10C-Fe ® Cr 0-71% 104 40-6 18-7% 10- 15 25 10~ 11

Cr-Fe 103 Cr ’ 9% 10-1L

; oiron 1 Fe 0-58 67-9 4-7%10-17 1% 10-11,

P 19 Ni 0-77 67-0 1-1%10-18 1-8% 10-1t
18Cr8Ni 1 Fe 671
Ni 19 Ni 1-27 669 1-8x 10-16 3-05 10-11

- D=Djexp —Q/RT

— 48 —



A—AFFALRAF VAR EY BRILSE XU/ r aRZBOBRICET o HRMRN 49

500 —
400 | /\_
300 // \
200 | A

JZ4

0, e

[ 10 oo 1000 10000 100 000
Period of exposure at 50°C (1 200°F) {min)
Fig. 8. Sensitization and restoration at 650°C.
carbon content 0-08% (Bain, ABORN,
and RUTHERFORD}.

Intergronuler penetration (Mils per 10Qhr)

300 —r‘ \ T
HF - HNOQs,
: T
R\ * SQ" /A\\
ols] o
/V A\
ﬁ/ﬂ Fay
| A
-~ 30 e /4‘5
< H:504 = Fee (SO0
E | 3 24hrx3 |
=~ o
e T < \
o // />/'“(|J |
2 : / Ae5% s\
c | I QG
(=] 3 .I T
3 48hr x4 ! 48hrx 3
: 7/ N
I

/
Ny A
— |

_c.)_l\[

o1 1 10 oo 1000 10000

Period of exposure at 675°C  (hr}

Fig. 4. Sensitization and restoration at 675°C.
carbon content 0-06% (SucrvaMa).

G0

040 |-
o2 - > / \
010 /{S? c? N
R N\
M é‘*/
;:.'!&;/Z/
L : |
1 1] 100 | 000 10000

Pericd of exposure  (hr)

Q04 -

oo ——"
o) e

Corrosion rate (Huey! (ipy)

i
)
>
W
W
| \
N\\ I,

100 000

Fig. 5. Sensitization and restoration of type 347
{EBLiNG and ScHEIL).

1 400
1 300 -

(=
1 200 i

m T~
L %
P Less th (
2 1oor 5010 oy \ %:Q
& oo \Q‘\\
* 900} O‘Olo—OOBSipy’\
O035-~0100 ipy -
800 —— O100-0350 ipy—3
G350—1'0  ipy—
700 L '

| o] 00 1000 100CO
Pericd of exposure | he}

Fig. 6. TTS diagram of type 304L by Huey test
(EsLiNG and ScHEIL).

a7 L&

I—=a(C,—Cx)?

190 000

ro k
3rDcp

{(lfexp(—v)}—exp(—v)fv =12 expudy
[ S

o (23)
T D, TIHARAIELEDOR v=3k/r~=2 OLE
TdhiL. ThehEakeshd, AEFHOER e

r
e {I—exp(-0)} exp (=) [ o-Vrexprdo w7
LEN )

HLT, Fig. 2 o({d) Zn5=t.

(3) z—oXdizlL Uk AiHE
k=koexp —Q/RT THFE T4

(4) 7ads, TNROEGITHRIGEERER KL
T I ERMREMNIRD.

P X3 ST L DR 207 — 205, K
OB kTRl TrE, k=4%10%cm/sec, Q=45
keal/ mol LFTET LI LIZT L.

14 BHEOEZER

TR EEL

F—AFHFA FPRAF VAR ED S RFRBRE
NEL, FREBREIELDILATESD. LOXSR

Wz, afRh o RENER & EER, O FEERER
ERE S LML, T
Co=Bexp —H/RT
_4B8 b/roexp(Q—H)/RT
1+ ABexp (Q—H)/RT
THREhZ. QONOE | BLIHTNOREER, $£2
ERHRE~OEREIHIGL TS b B RO
B, QRHFLENOBECAVT -DETED.
QO BT <hAS5 LS L HEMBEOE LIS
TRE 2T 1 HIZ L SEHL 5 55, mEREY
P ATRERLARLRD. FLT E C Ban 50
EEREETOL J J. Hecer LOHE V2L LI 188X
FLL AR SWT Co & 1/T Q% Fig. 72X

— 49 —



50 S L MM 56 & (1970) 1T
_ LT AT, AOEEYE, 188 27 v R o EEE
) O\x\_. BLE L T, Co=5" 4X1038xp—13400/T( “K) + 0007
a2 -1 - 1
\ Bain, ABoRN and (%) f"”§_-§> &9 lt*')ﬁ}-{” J/: <Jh-{-U\— 3 — :. HI) \‘/)7’:-
;o) RUTHERFORD FREAT R R B O BB S 50, L
S LU, WA LT A TS .
oY x
s = 5.
2 o005 — -+ \ I - % g
£ cosk oM\ 51 BEH IHOREBIIC DT
© \ BN O~ 5500, RACPATCEEL T, RIS
o2 N WETVE, BEIAEEISIE, 2 v ASGEAEE o
\ JonitEEAE L LN T VD, IO 3001 ISEL R 3L
00) E—— O3ty EFNDENAEL DTV ARNSITE, EOif
R and Hawruton MBFE R (R L 7B BT g & & 1<
0005 T D EL L Ty T %C C, XA—z257+4 +FR
- 5 S 5 " " 2LV IYER LT 304, 3041 A3,
1
10000/ 7 (K] <5rm(wrt(M)ﬁ&mb* B R AT =

°c)

Temperature

TIxta & T % Fig.

Fig. 7. Carbon solubility for 18-8 stainless steel. 00029, =7x BEEMIAESTREL, Ka50
— T I | | 1
Type 304 (Ccrbon comem OOT% , groin size 6} | i
900 -y —— e - S
1 = {c) Rate determing process |
| : carbide formetion ;
800 i .|. . o
| : ! ! |
700 : + : ‘ i
«-—{a) Rate deferming process : {b) Fote determing process
. t carbon diffusion : i chromijum  diffusion ‘
800 : e ' , : ;
I \ | X\ i
; _ ! N ‘
500 T ! — i
i . . i i
) I i
400 : : I | ! ‘ i
Type 304L iCarbon contem 0025%, grum size 6
900 F—-j- — — : |
| | I : . .1 (¢} Rote determing process
i : I : carbide formation
800 - | — e | | - ‘ R
: I 1
5 /)-i (A— | i
TCO : - P X
! I {p) Rate determing process |
; ] \ : chromium  diffusion |
600 : o \ :
i i i
3 i 1 > |
500 T T T o T I T— ] 1
i {a) Rote determing process ; ™ * \ \
i ; s P i ;
s carbon diffusion ] ] ‘
a00 | ; e
| | | S

(e)0]]

ol

1 ) 0

10°

Period of sensitization

o 1o*

{sec)

1o

' Fig.--B. Time temperature .carbide precipitation diagrams of type 304,,304L calculated
" " theoretically under three assumptions on rate determing process (J4€ =0-00295).



F—AFFAPRATF VL AT DR

Rk X/ r ARZBRORRKRIZATS

BmmREt 9l

BorEHTHD. td 304, 3ML 0GP RERRD
OB 0°07%, 0°025% % L, % 7-kiiir®oil6
(rs=2"5x10"8cm)} * | 7:.

FOER, DXDI LAHALIIT R0

(1) REOHTGEREHIZD LS 5MH SR Tf

TOREEZGES F o o OfifE R RE < 5,
F S i o CER EChA BRI L o LR
HY Al

(2) RIEWWHEG E 7 v A OFEE ORI
VWV AR, 304 T 650°C LT, 4z 304L
550°C RAFC, # o adgifEE A ndsf i il Tw
4. ZuaA0FEEATETHEEEIE, RIEDo
W R B R RIS 7 0%, HLEE, 550°C L
ez, 304 T4 304L T, R AR 5T
OFBUCBITER - L TLE> L ExaRLTVv5
O “'in, C. H. Samans BHIDOHIE X —3F

it
i

EAN RN S AP At
5.2 RIREAESMNEHICDONT
BLbo X5 A RIS 35 S AR R A &
inieofoT, D E IR RI LTI XD KL
T IRLH RO 2 o A REEA B 2 gl LI SR PR oo
b T I, 304, S04L LT IIIL AT B R R
Fig. 9, Fig. 10 2757, g{bambrdid & i & L7zt
L ERRO S o LREEEA R AR E LB E T, 1R
MoOBAEL B T ARSI
T R 90T, RO R R
JCHEIURRO Y 0 ARERLE JKO
VT WS L. 4K 3RO REneTE
4C s w LELE oA DERLT WA BT
% }‘”«ﬁﬁﬁ'AH#mwmﬁﬁE#Wﬁ®ﬁﬂ
NIRRT R O - ITIRRE T L7 I=4C
JE #GL, IhaR ARt L TR0 2

AT,

{E¥ it

T, e TTS diaodGii e 3 X < LT L. REARYLID koo T e R
- H LTS JK DRSSO R LA IC - AK Tt hiE, £
(3) gV EFRREE 2 T T, RO o e T E L0 TH L.
Wl 7o AORED R e o T, RIS ARG A
Type 304 {!‘Curbon content 007 “'.;g .
S D ae—— _—— groin siz¢ 6) ]
800 | /i / /— "-\\ I
2%%%*%%* \\
700 T :
800 |- -
500
£ aoob--
2
E 900 |-
’_

800 -

700

800

S00

400

10 10? {on

Period of sensitizotion

10 10°
{sec)

Fig. 9. Time temperature 4K diagrams of type 304, 304L by theoretical culculation.
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Fig. 10. Time temperature 4 diagrams of type 304, 304L by theoretical calculation.
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Table 3. Comparison of corrosion rate (Huey.test

3p} and intergranular corrosion index I.

Carbon |Grain e Huey test |Index
(%) size Sensitization (g/mehr) I
0-033 7 I538°C % 2hr 0-19 00005
0-033 7 1594°C x2hr 0-45 - 005
0-033 7 649°C x2hr 0-58 0-023
0-033 7 i677°C x2hr 0-53 0-048
0033 7 i816°C »Zhr 0-22 0-0013
0-033 7 |871°C xZhr 019 0
006! | & |675°C %30 min 0-22 0-009
0-061% | 6 |675°C %30 min 0-35 0-024
0-061% | 6 |675°C X lhr 0-75 0-058
0-0615> | 6 |675°C x 20hr 57 0-30
0-061%9 6 |675°C % 100hr 79 0-61
0-061 | 6 [675°C x 1000hr 3-2 0-22
0:061 1 6 675°C x5000hr 061 0-07

ZORBE, RELOMELHPILAREGOMEIZ D
i By, s DIREBEICh TR LI EED
iz tvaieasie nh s, Thbbhool #FIAL,
I BEU <D EBICARIERE - AT+ .5 2 M5
Hiz k5 TTS ghip (Time-Temperature-Sensitization
Curve) PMERRTE 5. 58I 2ZE 2T Tyre 304, 304
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Fig, 12. TTS diagrams of type 304, 304L by theoretical calculation.
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AT =(Co-Co) {1 — exp(—3kt/r,)}
dK=a(C;—Cx)
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